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Abstract
The obstruction offered by the surrounding concrete to the pulling out of embedded steel bar is known as bond strength. Steel 
fibers addition to concrete improves its bond strength by arresting the cracks due to their bridging effect. Bond failure occurs when 
cracks in the surrounding concrete initiates, providing enough space for bar to be pulled-out. Micro steel fibers efficiently control the 
formation of micro cracks and may improve bond strength to a greater extent compared to the longer steel fibers. However, it reduces 
the workability of concrete which is of greater importance in case of self-compacting concrete (SCC). Reduction of workability is less 
pronounced when straight micro steel fibers are used due to their shorter lengths and straight geometry. Thus, different amount of 
straight micro steel fibers (0.25 %, 0.5 %, 0.75 %) were incorporated in to SCC to investigate their fresh and mechanical properties 
with major emphasis on the bond strength. Results indicate that steel fibers addition to SCC improve the splitting tensile strength 
and bond strength significantly with a maximum increase of 33.5 % and 54.9 % respectively with 0.75 % fibers addition. An equation 
is proposed for the calculation of bond strength with micro steel fibers addition to SCC with a maximum variation of 4 % to those of 
experimental values.
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1 Introduction
Self-compacting concrete (SCC) is highly flow-able, non- 
segregating concrete which has the property to flow under 
its own weight filling the formwork without the use of com- 
paction equipment [1]. It is produced by adding some miner-
als and admixtures to the normal vibrated concrete (NVC). 
Use of smaller size aggregates and different fillers ensures 
better flow and micro structural properties of SCC [2, 3]. 
As concrete is brittle in nature, fibers are added to it to 
make it ductile. Different types of natural and artificial 
fibers have been added to concrete in recent past. One 
of the most commonly used fibers are steel fibers. Steel 
fibers are classified into micro and macro fibers on the 
basis of their size and geometry. Micro steel fibers pos-
sesses high tensile strength and straight geometry with 
length ranging from 10 mm to 25 mm while macro fibers 
have lengths ranging from 25 mm to 75 mm and are pro-
duced in different geometries including hooked end, cone 
end, twisted fibers etc. for mechanical anchorage. Fibers 
addition to concrete greatly improves its mechanical 
properties. This is the reason for fiber reinforced concrete 
utilization in the last decades for various partial and full 
structural applications, including slabs on grade [4], over-
lays [5], precast roof elements [6], refractory linings in 
industrial equipment [7].
The orientation and distribution of steel fibers in con-
crete have major effect on the properties of concrete. 
The use of vibrators for compaction of fiber reinforced con-
crete has adverse effects on the distribution and alignment 
of fibers in it. However, the rheological properties of SCC 
provide uniform dispersion of steel fibers, which is difficult 
to achieve in NVC [6]. Previous studies have reported that 
the flow and mechanical properties of SCC are dependent on 
the amount, geometry and distribution of steel fibers in con-
crete [8, 9]. Concrete is brittle in nature, whereas amalga-
mation of steel fibers provides stability, improves its impact 
resistance, bond strength and makes it ductile [10–12]. 
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Bond behavior of reinforcements in concrete has cru-
cial role in transfer of loads from concrete to reinforce-
ments. Bond strength has three components i.e. adhesion, 
friction and mechanical anchorage, however, mechani-
cal interaction is the most important component in case 
of deformed bars [13]. Adequate bond ensures homoge-
neity of reinforced concrete whereas, poor bond results 
in ineffective beam action making design equations 
invalid [14]. It has been reported that SCC has 27–65 % 
higher bond strength with reinforcements because of its 
improved micro structure compared to that of NVC [15]. 
Thus, this effect will also be prominent when fibers are 
added to concrete resulting in better bonding between the 
fibers and surrounding concrete matrix exhibiting better 
performance compared to normal vibrated concrete. Steel 
fibers addition increase splitting resistance and ductility 
of concrete resulting in the enhanced bond strength [16]. 
A previous study reported that bond strength of 16 mm 
dia bar in concrete increases by 32 % when 0.5 % hooked 
end steel fibers were added to it, however, the compres-
sive strength and bond strength decreases with the use of 
0.75 % steel fibers [12], because the longer hooked end 
steel fibers create hindrance to the compaction of NVC 
when used in higher contents, resulting in the reduction 
of concrete strengths. However, shorter fibers cause less 
reduction in the workability and are expected to improve 
concrete strength at higher fiber contents as well, or when 
better workability is desired specially in case of SCC.
2 Research aim and novelty
Various kinds of steel fibers are added to concrete. 
The reduction in the workability of concrete is more pro-
nounced when macro steel fibers are added to it because 
of their greater length and deformed shape compared to 
micro steel fiber addition owing to their shorter lengths 
and smooth geometry [17]. Workability is of major con-
cern in SCC, therefore, the use of micro steel fibers in SCC 
is advantageous. Pull-out load applied on a reinforcement 
bar embedded in concrete is resisted by the chemical adhe-
sion, friction and mechanical anchorage provided by the 
ribs of steel bars. When pull-out load increases further, at 
a certain ultimate value, cracks are initiated in the concrete 
surrounding reinforcement bars, initiating the bond failure 
resulting in pulling-out of bar from the concrete. Inclusion 
of steel fibers into concrete improves the bond strength of 
reinforcement in concrete by arresting cracks, thus pro-
viding greater mechanical anchorage. Formation of micro 
cracks provide enough space for bars to be pulled-out. It 
has been reported that, by arresting the formation of micro 
cracks, micro steel fibers are more effective in tensile 
strength improvement of concrete but are pulled-out once 
cracks are formed due to their shorter length, while macro 
fibers resists the propagation of cracks once initiated and 
are therefore more favorable in improving the toughness of 
concrete [18]. Therefore, it is expected that the addition of 
micro steel fibers may provide greater improvement in the 
bond strength by arresting micro cracks in concrete pro-
viding better confinement. However, there is limited litera-
ture available depicting the effect of micro steel fiber con-
tent on the bond strength of concrete. Thus, the main aim 
of this study is to investigate the effect of straight micro 
steel fibers addition on the bond strength of reinforcements 
in SCC. The objectives of this study are:
1. To examine the influence of added micro steel fibers 
quantity on the fresh state properties of SCC i.e. den-
sity, workability and air content.
2. To study the effect on the compressive and splitting 
tensile strength when micro steel fibers are incorpo-
rated into SCC.
3. To evaluate the effect on the bond between rebars 
and surrounding SCC with micro steel fibers incor- 
poration.
Pull-out tests have been used for calculation of bond 
strength using Eq. (1).
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where µ = bond strength, p = Pull-out force, ld = develop-
ment length, db = bar diameter. 
3 Materials
3.1 Cement and filler
CEM I 32.5N manufactured by "CHEERAT CEMENT" 
was used for all the mixes. Waste glass powder (GP) was 
used as filler in the production of SCC. The GP used was 
produced in PCSIR labs in Peshawar, Pakistan and the 
average particle size of was kept less than 75 μm. 
3.2 Aggregates
Aggregates were obtained from local supplier and lab tests 
were conducted to find the relevant properties. Fine aggre-
gates (FA) 0–4 mm and coarse aggregate (CA) 4–12.5 
mm in size having water absorption of 1.54 % and 1.01 %, 
specific gravity of 2.65 and 2.75 respectively were used in 
this study. Fineness modulus of fine aggregate as tested in 
laboratory was 2.78.
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3.3 Super plasticizer (SP)
High range water reducer used for production of SCC in 
this study was manufactured by SIKA with commercial 
name "Ultra-Super Plast-470" and specific gravity of 1.155.
3.4 Steel fibers
Straight micro steel fibers (SF) as shown in Fig. 1, hav-
ing length of 13 mm, 0.2 mm in dia, aspect ratio of 65 and 
2500 MPa strength were added to concrete in different 
proportions. 
4 Experimental program
Trial mixes were performed to finalize the concrete mix for 
SCC. After the finalization of concrete mix, different con-
tents of steel fibers were added to concrete i.e. 0.25 % v/f, 
0.5 % v/f, and 0.75 % v/f. Coarse and fine aggregates were 
dry mixed in pan mixer for 30 sec and water as per the 
water absorption capacity of aggregates was added and fur-
ther mixed for 30 sec. GP and cement were added to mixed 
aggregates and mixed for 1 min. Water and superplastizer 
mixed together were added gradually to the mixed ingre-
dients and mixed for 2 min. Steel fibers were added slowly 
towards the end to avoid overmixing and balling effect 
and mixed further for 30 sec. The slump flow was visu-
ally inspected for signs of bleeding or segregation, which 
were not present. Fresh concrete samples from center 
and sides of the slump flow were collected, weighted and 
washed to check quantity of coarse aggregates and fibers 
for indication of segregation but uniform proportions were 
noted. Fresh state and mechanical properties of concrete 
were studied. ASTM testing standard C1611/C1611M was 
adopted to test the workability of SCC while, ASTM C138/
C138M was used to determine the density and air con-
tent of fresh concrete. Mechanical properties investigated 
include compressive (CS), splitting tensile (STS) and 
bond strength (BS). Six cylinders 100 mm in diameter 
and 200 mm in height were casted for each concrete mix 
for testing the compressive and splitting tensile strength 
of concretes. Moist curing up to the date of testing was 
performed as per ASTM C192/C192M after de-molding of 
the concrete samples. At the age of 28 days, for all con-
crete mixes, three cylinders were tested as per ASTM C39/
C39M applying load at the rate of 0.25 MPa/sec while 
three were tested for concrete splitting tensile strength as 
per ASTM C496/C496M applying load at a constant rate 
of 1 MPa/min. Three cube samples were casted for each 
concrete mix with size of 150 mm, embedded with 16 mm 
diameter bars to test the bond strength by applying pull-out 
load at a constant rate of 0.1 KN/sec. The arrangement for 
pulling-out test is shown in Fig. 2.
5 Results and discussions
5.1 Concrete mix composition
SCC mix proportion for the control mix was finalized 
using trial mixes with the support from available litera-
ture. The minimum slump flow requirement of SCC in this 
study was set at 650 mm and per EFNARC guidelines for 
SCC [19] and concrete compressive strength of 24 MPa at 
water cement ration of 0.5. After finalization of concrete 
mix design for control mix, steel fibers in different per-
centages were added to concrete. Mix proportions of con-
crete mixes in this study are summarized in Table 1. 
5.2 Fresh concrete properties
Slump flow test was used to find the workability of all con-
crete mixes as shown in Fig. 2. Table 2 represents results 
for fresh state properties of all the mixes. Results indicate 
that increase in the amount of steel fiber added, causes 
Fig. 1 Straight micro steel fibers Fig. 2 Pull-out test arrangement
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a gradual decrease in the workability of concrete. Slump 
flow values of concrete mixes with fiber contents of 0.25 %, 
0.5 % and 0.75 % decreased by 5.26 %, 7.89 %, 9.21 % 
respectively compared to the control mix. At 0.75 % fiber 
content, T500 time becomes double, likewise slump flow 
values, it indicates the decrease in workability by creat-
ing hindrance in concrete flow-ability (Fig. 3). However, 
at 0.75 % fiber content, the slump flow value is still above 
the threshold value of 650 mm.
Moreover, air content increases with the increase of 
steel fibers but the density remains nearly constant. Fig. 4 
represents the variation in the workability and air content 
of all concrete mixes.
Numerous researchers reported decrease in workability 
of concrete due to the addition of steel fibers to it [20–25]. 
Steel fiber reinforced SCC with slump flow in the range 
of 560–700 mm, without segregation, have been produced 
in a previous research work [26]. A decrease of 10.5 % in 
the slump flow by addition of 0.75 % steel fibers to SCC 
have been reported by a previous research [27], which is in 
agreement with the current study. 
5.3 Hardened concrete properties
Hardened concrete properties included compressive 
strength, splitting tensile strength and bond strength, all 
tested at the concrete age of 28 days after moist curing. 
The test results for all the concrete types are summarized 
in Table 3 along with their standard deviations (SD). 
5.3.1 Compressive strength
Compressive strength test results at the age of 28 days are 
summarized in Table 3. Incorporation of fibers into SCC 
has shown minimal variation on the compressive strength 
of concrete with a maximum increase of 4.77 % with 
0.75 % fibers addition compared to that of the reference 
concrete without fibers as graphically presented in Fig. 5.
Although, there is slight variation in compressive 
strength of concrete but the major change is in the fail-
ure mode as the concrete with steel fibers exhibits reduced 
brittleness compared to the concrete without fibers. 
The concrete cylindrical samples without fibers disinte-
grated after crushing under the compressive load but the 
samples with steel fibers remained intact due to the bridg-
ing effect of steel fibers in concrete as shown in Fig. 6. 
Table 1 Concrete mix composition
Concrete mix
Content (kg/m3)
Cement GP CA FA SF SP Water
Mix-0 400 140 630 1024 0 14 225
Mix-0.25 400 140 630 1024 20 14 225
Mix-0.5 400 140 630 1024 40 14 225
Mix-0.75 400 140 630 1024 60 14 225
Fig. 3 Slump flow test
Table 2 Fresh concrete properties
Concrete
mix
Slump flow
(mm)
T500
(sec)
Density
(kg/m³)
Air content
(%)
Mix-0 760 4 2406 2.62
Mix-0.25 720 6 2410 2.87
Mix-0.5 700 7 2413 3.56
Mix-0.75 690 8 2416 4.06
Fig. 4 Variation of slump flow and air content
Table 3 Hardened concrete properties
Concrete 
Mix
CS STS BS
MPa SD MPa SD MPa SD
Mix-0 25.8 0.18 2.68 0.06 10.24 0.15
Mix-0.25 25.9 0.29 2.9 0.07 11.64 0.46
Mix-0.5 26.7 0.26 3.19 0.07 13.94 0.39
Mix-0.75 27 0.23 3.58 0.09 15.86 0.21
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Identical results have been reported by the other research-
ers. A previous study reported that inclusion of steel fibers 
to concrete do not significantly influence the compres-
sive strength; however, the concrete failure becomes duc-
tile [28]. Another study reported 6.98 % rise in compres-
sive strength of concrete when 0.5 % v/f of hooked end 
steel fibers are added to it [29]. Thus, steel fibers addition 
has no major effect on its compressive strength.
5.3.2 Splitting tensile strength
Test results for splitting tensile strength of all the concrete 
types at the age of 28 days are summarized in Table 3. 
Despite the use of lower contents of steel fibers, there is 
significant increase in the tensile strength of concrete on 
the addition of micro steel fibers to it. Fig. 7 shows the 
results of splitting tensile strength containing different 
amount of steel fibers and the percentage strength varia-
tion with respect to the control mix.
The increase in splitting tensile strength of concrete 
is 8.2 %, 19 % and 33.5 % respectively with addition of 
0.25 %, 0.5 % and 0.75 % v/f of steel fibers respectively 
to the reference concrete. The reason may be the bridg-
ing effect of shorter steel fibers which are more efficient 
in delaying the formation of cracks, increasing the tensile 
strength by good amount.
Similar effects of steel fibers addition on the splitting 
tensile strength of concrete have been reported in ear-
lier studies. Splitting tensile strength increases of 18 % 
have been reported by the addition of up to 0.75 % micro 
steel fibers to high strength lightweight SCC [17]. There 
is improvement of 28 % in the tensile strength of con-
crete when 1 % v/f of hooked-end steel fibers, 60 mm 
long, are added to high strength concrete [30]. Thus, steel 
fibers addition has significant impact on the splitting ten-
sile strength of concrete, however the increase is higher 
in case of micro steel fibers addition compared to that of 
macro steel fibers.
5.3.3 Bond strength
The test results for the bond strength calculated using pull-
out tests are listed in Table 4. Results indicate significant 
increase in bond strength of reinforcement with concrete 
by incorporating micro steel fibers into concrete.
Fig. 5 Compressive strength and percentage variation
Fig. 6 Failed compression test samples
Fig. 7 Splitting tensile strength and variation
Table 4 Bond strength results
Concrete 
mix
Fiber 
content 
(%)
Average 
Pull-out load 
(KN)
Average 
bond strength 
(MPa)
Increase  
(%)
Mix-0 0 77.24 10.24 0
Mix-0.25 0.25 85.22 11.64 13.7
Mix-0.5 0.5 105.08 13.94 36.1
Mix-0.75 0.75 119.56 15.86 54.9
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When 0.25 %, 0.5 % and 0.75 % steel fibers are added 
to SCC, there is increase in bond strength of reinforcement 
and surrounding concrete by 13.7 %, 36.1 % and 54.9 % 
respectively. A previous study reported a maximum of 22 % 
increase in bond strength by addition of 0.75 % v/f hooked 
end macro steel fibers to concrete. Steel bars are pulled-out 
with the formation of micro crack in the surrounding con-
crete. Thus, it may be inferred from the results that micro 
steel fibers are extra efficient in improving the bond behav-
ior by delaying the initiation of micro cracks compared to 
the longer deformed fibers which are effective in delaying 
the propagation of cracks once they are formed. The test 
results are graphically presented in Fig. 8.
It was observed from the tested samples that, in the ref-
erence concrete with no added fibers, at ultimate pull-out 
load, splitting occurred in the concrete surrounding the 
reinforced bar causing the bond failure. However, when 
steel fibers were added to concrete in different content, 
the formation of cracks were avoided by the bridging 
effect of fibers causing the pull-out failure at a signifi-
cantly higher loads compared to that of the reference con-
crete as shown in Fig. 9.
A previous study reported splitting failure of all the 
pull-out samples when normal vibrated concrete (NVC) 
was used with no fibers addition to it [31]. Similarly, by 
adding hooked end steel fibers to NVC, splitting fail-
ure was reported for all the tested samples [12]. Garcia-
Taengua et al. [32] in 2016 used steel fibers having lengths 
in the range of 35–60 mm and reported that shorter steel 
fibers have greater influence on the bond strength com-
pared to the longer fibers. Thus, short micro steel fibers 
effectively delays the formation of cracks by bridging 
effect, providing better confinement to the reinforcement 
bars and improving the bond strength.
5.3.4 Estimation of bond strength
On the basis of previous researches, equations for calcu-
lation of bond strength of reinforcements in concrete have 
been proposed by Orangun et al. [33] and MC2010 [34] 
with splitting failure and with splitting failure given by 
Eq. (2) and Eq. (3) and Eq. (4) respectively. These equa-
tions are quite useful in calculating the bond strength 
of reinforcements in concretes with different compres-
sive strengths, but do not consider the influence of added 
fibers on the bond strength. While Harajli [35], Yazici 
and Arel [36] and Li et al. [37] have proposed equations 
for calculation of bond strength of reinforcing steel bars 
with fiber reinforced concrete given as Eq. (5), Eq. (6), and 
Eq. (7) respectively.  
u
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. . . 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Fig. 8 Bond strength variation
Fig. 9 Pull-out samples after testing
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Where uc is the ultimate bond strength, fc' is 28 days 
concrete compressive strength, cmin is minimum concrete 
cover, d is diameter of the embedded bar, ld is embed-
ded length of the bar, fcm is mean compressive strength 
of concrete, cf is factor for steel fibers taken as 1 when 
V l
d
c
V l
d
V l
d
f f
f
f
f f
f
f f
f
   0 25 1 0 34 0 25. . .and for is con-
crete cover lf is length of steel fibers, df is diameber of steel 
fibers, ft is tensile strength of concrete, K is fibers content 
in kg/m³, Ec is modulus of elasticity of concrete, ρsv is trans-
verse reinforcement ratio, k
1
 and k
2
 are constants with val-
ues of 0.32 and 17.74 in case of steel fiber reinforced high-
strength concrete. 
Calculations are performed using all these equations 
and the results for predicted bond strength are summa-
rized in Table 5.
Fig. 10 graphically presents the experimental bond 
strength results in the current study and those calculated 
using equations proposed in previous studies. Orangun 
et al. [33] and MC2010 [34] equations do not consider the 
effect of steel fibers addition into concrete on the ultimate 
bond strength and thus results in conservative values. Equ-
ations proposed by Harajli [35], Yazici and Arel [36] and 
Li et al. [37] take into account the effect of steel fibers addi-
tion into concrete, however, Yazici and Arel [36] equation 
predicts significantly lower ultimate bond strength. The rea-
son is that there is no consideration of variation in embed-
ded length of reinforcements into concrete resulting in 
lower bond strength prediction with increase in embedded 
length. The prediction by Harajli [35] equation are close 
to the experimental values, however the values are slightly 
over estimated with lower steel fiber content (0.25 % v/f ) 
and slightly under estimated with higher steel fiber content 
(0.75 % v/f ). The equation proposed by Li et al. [37] gives 
best predicted bond strength values with similar trend in 
the increase to those of experimental values, when steel 
fibers content increases. However, the values are slightly 
over estimated. The reason may be that they have devel-
oped their equation considering high strength fiber rein-
forced concrete while normal strength fiber reinforced con-
crete is used in the current study. Nevertheless, Harajli [35] 
and Li et al. [37] equations can be used to calculated ulti-
mate bond strength of reinforcements in fiber reinforced 
concrete with fair accuracy.
Table 5 Bond strength calculations
Concrete 
mix
Sample 
No.
Average 
compressive 
strength
Experimental Orangun 
Eq. bond 
strength 
Mpa
MC2010 
Bond 
strength 
(MPa)
Harajli 
eq. bond 
strength 
(MPa)
Yazici & 
Arel eq. bond 
strength 
(MPa)
Li et.al. 
eq Bond 
strength 
(MPa)
Pull-out load 
(KN)
Bond strength 
(MPa)
Mix-0.25
1 26.03 85.2 11.3 8.16 7.07 12.59 4.32 13.21
2 25.83 86.33 11.45 8.07 7.06 12.54 4.32 13.21
3 25.86 84.13 12.16 8.08 7.06 12.55 4.32 13.21
Mix-0.5
4 26.74 105.71 14.02 8.22 7.12 13.95 4.44 14.58
5 26.8 104.44 13.85 8.23 7.12 13.97 4.44 14.58
6 26.63 105.1 13.94 8.2 7.11 13.92 4.44 14.58
Mix-0.75
7 26.96 118.11 15.66 8.25 12.98 14.94 4.59 16.40
8 27.1 121.37 16.1 8.27 13.01 14.98 4.60 16.40
9 27.02 119.2 15.81 8.26 13.00 14.96 4.60 16.40
Fig. 10 Comparison of bond strength values
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6 Conclusions
This study highlights the effects of straight micro steel 
fibers addition on the fresh and mechanical properties of 
SCC with a special emphasis on the bond strength of rein-
forcements in concrete. Following conclusions may be 
drawn from this research work:
4. Workability decreases with the addition of straight 
micro steel fibers to SCC but the effect is not signifi-
cant because of its shorter length and straight geom-
etry. Thus, it is beneficial to use these fibers when 
self-compaction is desired.
5. The compressive strength of concrete is not signifi-
cantly influenced by the inclusion of steel fibers into 
SCC.
6. There is noteworthy improvement in the splitting 
tensile strength when micro steel fibers are added to 
SCC. The reason may be the effective resistance to 
the formation of cracks by shorter fibers. The maxi-
mum increase was up to 33.5 % with the addition of 
0.75 % fibers to SCC.
7. The bond strength of reinforcements in SCC is 
greatly affected by the addition of micro steel fibers 
to it. The formation of cracks is resisted by the bridg-
ing effect of steel fibers improving the bond strength 
significantly. With the addition of 0.75 % micro steel 
fibers to SCC, bond strength improved by 54.9 %.
8. Equations proposed by Harajli [35] and Li et al. [37] 
gives fair results for the bond strength and can thus 
be effectively used to predict the ultimate bond 
strength of reinforcements in steel fiber reinforced 
concrete.
Notations
uc Ultimate bond strength
fc' 28 days concrete compressive strength
cmin Minimum concrete cover
d Diameter of the embedded bar 
ld Embedded length of the bar
fcm Mean compressive strength of concrete
cf Steel fibers factor as 1 when 
 V l
d
c
V l
d
V l
d
f f
f
f
f f
f
f f
f
   0 25 1 0 34 0 25. . .and for
c Concrete cover
lf Length of steel fibers
df Diameber of steel fibers
ft Tensile strength of concrete
K Fibers content in kg/m³
Ec Modulus of elasticity of concrete
ρsv Transverse reinforcement ratio
k
1
 0.32 for fiber reinforced high strength concrete
k
2
 17.74 for fiber reinforced highstrength concrete
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